Technology computer-aided design (TCAD) models for AlGaAs/InGaAs and AlGaN/GaN and silicon-on-insulator (SOI) TeraFETs are in good agreement with the measured currentvoltage characteristics and the response to the sub-THz radiation. They allowed us to establish the physical mechanism of the observed response saturation at high intensities, not reproduced by the analytical model. By activating or deactivating different physical mechanisms in the TCAD models, we show that the response saturation is caused by the gate leakage for AlGaAs/InGaAs heterostructure field effect transistors (HFETs) and AlGaN/GaN HFETs and by the avalanche effect for SOI MOSFETs.
I. INTRODUCTION
T HE plasmonic field effect transistors (TeraFETs) proposed in the 1990s [1] - [3] have found applications in THz detectors [4] , [5] , mixers [6] , [7] , frequency multipliers [8] , [9] , transceivers [10] , [11] , and imagers and sensors [12] - [14] . Recent interests include operating TeraFET detectors at high incident power, which could be used to measure the duration and structure of the high-power THz pulses [15] - [19] . At large intensities of the incident THz radiation, the response saturates. In this work, we determine the mechanism for the response saturation by examining different physical mechanisms using the validated technology computer-aided design (TCAD) models for HFET TeraFETs [20] . We also include the simulation of Si MOSFET TeraFETs, which are now of the hot topics for THz detectors [21] - [25] . We run mixed mode time-varying simulations using the Synopsys Sentaurus TCAD tool [26] , which has been demonstrated very useful for THz detector modeling [27] - [29] . By running multiple simulations and sequentially turning OFF (one by one) the physical mechanisms that could be potentially responsible for the response saturation at high excitation levels, we are able to obtain the results revealing the physics of the response saturation associated with different mechanisms for different material systems. These mechanisms include the leakage current and the avalanche (Ava) effect. This insight into the device physics allows for the development of the next generation compact models for the TeraFET detectors that are valid over a wide dynamic operation range and for the TeraFET design optimization. Fig. 1 shows the structures of the TeraFETs for different material systems in Sentaurus TCAD. The balance between the simulation time and accuracy is achieved by carefully choosing the mesh size, for example using dense mesh at important regions such as the interfaces and the channels and coarse mesh at the 2156-342X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. THZ TCAD MODELS
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. substrates, as shown in Fig. 1(b) . The TCAD models account for the hydrodynamic (Hd) transport suitable for deep-submicron and heterostructure devices, and the velocity saturation (Vsat), the generation-recombination, and the barrier tunneling (BT) mechanisms [26] .
A. AlGaAs/InGaAs HFETs
The AlGaAs/InGaAs HFET TCAD model was built to simulate the 130 nm AlGaAs/InGaAs pHEMTs fabricated by TriQuint Inc. (now Qorvo) [30] . The Schottky barrier height is set as 1.04 eV, and the doping concentration is selected as 10 18 cm −3 for the n + -GaAs cap layer, 3×10 18 cm −3 for the n + -Al 0.3 Ga 0.7 As layer, and 4×10 14 cm −3 for the p-GaAs substrate. The mobility for InGaAs is set as 3500 cm 2 /Vs to account for the mobility decrease due to the ballistic effect in short channel devices and other material parameters are determined from the Ioffe Institute database for semiconductors [31] . Table I summarizes the geometry parameters for the HFET TCAD model. Fig. 2 shows the good agreement of I-V characteristics between the TCAD model and the measured data [20] . The TCAD model also shows a good agreement for the dependence of the THz response on the gate bias with the measured data and the analytical results [20] . Fig. 3 shows the schematics of the mixed mode simulation for THz detection with the TCAD model. Fig. 3 (a) is the configuration without modulation for the THz signal, while Fig. 3 (b) uses two voltage-controlled switches to modulate the THz ac signal V a by another ac voltage source V m with a modulation frequency f m orders of magnitude smaller than the THz signal frequency f . In both schemes, the detector response is obtained from the Fourier transform for the transient waveform of the drain voltage, except that the response is extracted at the dc component (zero frequency) in Fig. 3 (a) and at the modulation frequency f m in Fig. 3 
(b).
Although the scheme in Fig. 3 (a) could avoid the effect of the modulation frequency value f m (2 GHz in our simulation) and the parameters of the nonideal voltage-controlled switches (switched ON with resistance of 0.1 Ω when the controlling voltage is greater than 0.5 V and switched OFF with resistance of 1 MΩ when the controlling voltage is smaller than 0 V) on the simulation results, the scheme in Fig. 3 (b) could better represent the setup generally used in experiments where the THz radiation generated by the THz source is usually modulated by a low frequency signal and the measured response is read out at the modulation frequency from the lock-in amplifier. Besides, the scheme in Fig. 3(b) shows similar simulation results for the THz response with the scheme in Fig. 3 (a) except for a small difference in the absolute value, which could be seen in Fig. 4 . Therefore, in this work, we mainly use the TCAD simulation results with the scheme in Fig. 3(b) . Fig. 4 shows the dependence of the simulated detector response at 0.3 THz above threshold (V gt = 0.12 V) on the THz signal magnitude V a for the AlGaAs/InGaAs HFET TCAD model with the open boundary condition at the drain, compared with the measured data in [16] and the analytical and fitting results. The measured data for the THz FET responsivity or response as a function of the radiation intensity or power reported in different papers [16] - [19] are obtained with different measurement setups and different coupling of the radiation to the device. Therefore, we scale the measured data to fit the simulation results for the ease of comparison. In this approach, the responsivity values could be compared to the measured data by dividing the calculated output voltages by the intensity. To explore the device physics for the response saturation, different physical mechanisms including the Hd or DD transport, Ava), Vsat, and gate BT were turned ON and OFF in the simulation. At very low intensities, the simulated results obtained with the schematic in Fig. 3(b) deviate from the quadratic response (proportional to V 2 a ). This could be related to the circuit scheme such as the nonideal voltage-controlled switches. At high intensities (V a > 1 V), the TCAD model with the Hd transport predicts the response saturation, which is consistent with the measurements. The main difference between the Hd transport and the DD transport in TCAD is that the Hd model accounts for the energy transport across heterointerfaces, which is not considered in the DD model. Therefore, the Hd transport realistically predicts a larger gate leakage than the DD transport model, and the response saturation could be associated with the gate leakage which contributes to the rectification of the input THz signal at the gate. Fig. 5 shows the profiles of the electron current density transverse to the conducting channel direction at the positions closely (1 nm) below the Schottky gate contact at different times within a period for V a = 3 V using the Hd and DD models. As seen, the profiles with the Hd transport show much larger gate leakage current than the DD transport. In the comparison, we also add the analytical modeling and the phenomenological fitting results which are also scaled to the simulated results. The analytical theory derived in [32] gives a quadratic response at low intensities, which is consistent with the simulation results from around 5 mV to 0.5 V, but cannot reproduce the response saturation at large V a , since it uses the next terms in the Taylor series expansion of the response dependence on the THz voltage and thus only applies to the small and intermediate range of powers. The fitting equation proposed in [19] describes the response saturation quite well and agrees with the Hd transport model.
B. AlGaN/GaN HFETs
The TCAD model developed for the AlGaN/GaN HFET uses the same dimensions and doping with the AlGaAs/InGaAs HFET TCAD model, as shown in Fig. 1(b) . Default material parameter files for AlGaN and GaN in Sentaurus TCAD are used for the model. Fig. 6 shows the simulated detector response at 0.3 THz above threshold (V gt = 0.12 V) as a function of the THz signal magnitude V a for the AlGaN/GaN HFET TCAD model with the open boundary condition at the drain, compared with the measured data in [16] and the analytical and fitting results. Again, from the profiles of the electron current density transverse to the channel at the positions closely (1 nm) below the Schottky gate contact in Fig. 7 , the response saturation could be linked to the higher gate leakage predicted by the Hd transport compared to the DD transport model. 
C. Si MOSFETs
The response saturation at high intensities of the THz radiation was also observed for Si MOSFETs [16] - [18] . Since the gate leakage could be negligible in Si MOSFETs due to the good gate insulation, other mechanisms must be responsible for the response saturation. The TCAD model in Fig. 1(c) is set up based on an exemplary silicon-on-insulator (SOI) n-channel MOSFET using the default material parameter files for silicon in Sentaurus   TABLE II  SUMMARY OF THE GEOMETRY PARAMETERS FOR THE MOSFET TCAD TCAD [26] . The doping concentration is set as 10 20 cm −3 for the source/drain regions below the Ohmic contacts, 6×10 17 cm −3 for the p-Si epi layer, and 10 16 cm −3 for the p-Si substrate. Table II summarizes the geometry parameters for the MOSFET TCAD model.
As seen from Fig. 8 , the simulation results show the response saturation at large intensities and have a good agreement with the measured data. The measurement data for the THz response in [18] for the voltage range above threshold (considered in our work) are also in agreement with the TCAD simulation results. The comparison of the simulated results with different mechanisms turned ON and OFF shows that the response saturation could be associated with the Ava effect. The electric field in the gate oxide was checked to be below the SiO 2 breakdown field (10 MV/cm) indicating no gate breakdown. However, at high THz fields, carriers could be generated from impact ionization and travel into the channel and change the electric field affecting the response at the drain. This effect of the Ava could be seen in Fig. 9 showing the profiles of the electric field transverse to the channel at the positions along the channel and closely (1 nm) below the SiO 2 /Si interface within a period above threshold (V gt = 0.2 V). The gate displacement current shown in Fig. 10 is higher near the drain due to Ava plays a similar role as the gate leakage in the HFETs. Fig. 11 shows the profiles of the impact ionization rate at V a = 6 V at different times within a period for the SOI MOSFET TCAD model with the Ava effect included and illustrating the carrier generation at high intensities of the incident THz radiation.
III. CONCLUSION
The TCAD models explain the experimentally observed TeraFET response saturation at high intensity levels of the incident THz radiation (above 1 V) for GaAs and GaN-based high electron mobility transistors (HEMTs) and SOI FETs. By activating or deactivating different physical mechanisms in the TCAD models, we determined that the response saturation effect is caused by the gate leakage for AlGaAs/InGaAs HFETs and AlGaN/GaN HFETs and by the Ava effect for Si MOSFETs.
